Background: Bluetongue virus (BTV), which belongs to the Reoviridae family and orbivirus genus, is a non-enveloped, icosahedral, double-stranded RNA virus. Several protein layers enclose its genome; upon cell entry the outer layer is stripped away leaving a core, the surface of which is composed of VP7. The structure of the trimeric VP7 molecule has previously been determined using X-ray crystallography. The articulated VP7 subunit consists of two domains, one which is largely α-helical and the other, smaller domain, is a β barrel with jellyroll topology. The relative orientations of these two domains vary in different crystal forms. The structure of VP7 and the organization of 780 subunits of this molecule in the core of the virus is central to the assembly and function of BTV.
Introduction
Members of the Reoviridae family are large, non-enveloped, segmented, double-stranded RNA (dsRNA) viruses with architecturally complex capsid structures. Reoviridae members include a number of human pathogens (e.g. the rotaviruses that cause diarrhoea), as well as other vertebrate, plant and insect viruses. Orbiviruses, which comprise a genus within the Reoviridae family, are vectored to vertebrate species (sheep, cattle and other animals) by arthropods (e.g. gnats, ticks, mosquitoes) and replicate in both types of host [1] . The ability of orbiviruses to infect a diverse range of hosts, and the complex molecular organization of the viral components, means that these viruses provide challenging systems to understand the structure-function relationships of complex viruses.
Bluetongue virus (BTV) is the best studied of the orbiviruses. It is approximately 800 Å in diameter and has multiple protein capsid layers enclosing its genome, which consists of 10 dsRNA segments, each coding for a single viral protein. Seven of these proteins are structural (being present in the mature virion), and of these VP2 and VP5 constitute a relatively loosely bound outer shell that is removed as the virus enters the host cell to produce an infection. The outer proteins may also be easily removed in vitro and the particle remaining is referred to in the literature as the core or single-shelled particle [2] . In the cytoplasm of the infected cell, the cores exhibit RNAdependent RNA polymerase activity and indeed, given appropriate substrates, are capable of the sustained production of capped viral mRNA. The major protein constituents of the core are VP7 and VP3 -VP7 forms an outer capsid layer and VP3 a thinner inner layer. The genomic RNA and the other minor structural proteins, VP1, VP4 and VP6, are enclosed within the VP3 layer. Trimers of VP7 form the knobbly surface of the cores and are arranged on a T = 13 icosahedral lattice. The use of T numbers to describe the triangulation of an icosahedral surface, by the insertion of additional symmetry elements was described by Casper and Klug [3] . The number of subunits in such a lattice is 60T. Although the stoichiometry of VP7 (38 kD) in the virion (780 molecules per virion) has been conclusively derived from the structural studies [4] , the stoichiometry of VP3 (103 kD) remained unclear for some time. Recently, biochemical studies indicated that there are 120 copies of VP3 per virion, corresponding to a VP7:VP3 stoichiometry of 13:2 [5] .
Recently, we have performed several crystallographic analyses of BTV VP7 and also of a fragment of VP7 from another orbivirus, African horsesickness virus (AHSV); these are discussed in the accompanying paper, see Basak et al. in this issue of Structure. The VP7 subunit consists of two domains -a β-sandwich domain with the jelly-roll topology which is traditional amongst viral coat proteins [6] and the other domain is a bundle of α helices. The α-helical domain, consisting of nine helices, is almost twice as large (220 residues) as the β-sandwich domain (129 residues). The relative disposition of the two domains can differ wildly, depending on the crystal form. We have determined two structures for the intact VP7 trimer, in one structure the molecules measures some 85 Å along the molecular threefold axis by 65 Å in the other directions, whereas in the second crystal form the relative dimensions are inverted. In the accompanying paper (Basak et al. in this issue of Structure), we address the question of the stability and rigidity of the VP7 trimer, and suggest possible biological roles for such conformational flexibility.
The structure determinations of the individual VP7 molecule away from its natural T = 13 assembly in the virion raise several interesting questions. The first question to address is whether one, both or neither of the observed VP7 crystal structures are relevant to the structure of the core. We answer this question in this paper by fitting of the X-ray structures into a 23 Å resolution reconstruction of the core particle. The results show that one structure of the isolated molecule corresponds very closely to that seen at all quasiequivalent positions on the core. This raises further questions. What is the precise orientation of the VP7 trimers in the virion? What are the interactions that stabilize the T = 13 icosahedral assembly? How does the VP7 molecule adopt to various quasi-equivalent environments in the T = 13 icosahedral lattice? How does VP7 interact with the outer capsid layer composed of VP2 and VP5, and with the inner capsid layer composed of VP3? We here provide answers to some of these questions. The theory underpinning these questions is that of quasi-equivalence [3] , the central hypothesis of which is that chemically identical subunits can fit together in geometrically different positions on an icosahedrally symmetric surface by slight structural changes at the level of sidechain conformation. This has been shown to be invalid in many studies on a variety of plant and animal viruses [7, 8, 9] . From our results presented here, we find that the VP7 layer of BTV is emerging as an exceptional case where, at least at the level of detail of the current analysis, quasi-equivalence appears to be obeyed.
The Reoviridae have been the target for a number of crystallization studies and crystals suitable for X-ray analysis have been reported for rice dwarf virus [10] , reovirus [11] and, most recently, for cores of BTV [5] . The analysis presented here, although not at atomic resolution, does provide an atomic model for a key component of a Reoviridae virion, which, in addition to the biological implications that can be deduced from it, will provide a firm framework for future analysis to higher resolution.
Results and discussion
The structure of the BTV core particle
The 3-dimensional (3-D) structure of the BTV-10 core particle was reconstructed from cryo-images of the virus particles embedded in a thin layer of vitreous ice. The specimen was imaged with a 400 kV electron microscope under low dose electron conditions, using a spot scan procedure ( Figure 1 ). The 3-D structure of the BTV core particles A typical portion of the cryoEM micrographs, imaged with a 400 kV electron cryomicroscope using a spot scan procedure, showing several cores (darker areas) embedded in a thin layer of vitreous ice. The scale bar shows 1000 Å.
was computed, to a resolution of 23 Å, using Fourier-Bessel reconstruction, with 72 particles having unique orientations. At this resolution, 99% of the mean inverse eigenvalues of the 72 particles were less than 0.01, indicating that the data were adequately sampled in the Fourier space [12] . The extent to which the data obeyed icosahedral symmetry was evaluated by comparing the mean phase difference (phase residual) along cross common lines between Fourier transforms of particles, for all pairwise particle comparisons. The overall phase residual for our data was 54°(84°at 23 Å resolution). The effective resolution was estimated to be ∼23 Å by computing the phase residuals and Fourier cross-correlation coefficients between two independent reconstructions, which were obtained by dividing the data set randomly into two sets. The phase residual between the two reconstructions reached 45°at a resolution of 23 Å. At this resolution, the Fourier correlation coefficient was -0.61. The surface representation of the 3-D map is shown in Figure 2a .
The T = 13 layer
As reported earlier, the outer layer of the core particle has a diameter of about 690 Å and exhibits T = 13 icosahedral symmetry [4] . In our current map, we clearly see a total of 260 triangular-shaped capsomers (VP7 trimers) that are arranged around large channels, which are found at all the five-and six-coordinated positions of the T = 13 lattice. These channels have been classified into three types based on their locations with respect to the icosahedral symmetry axes -type I channels run along the icosahedral fivefold axes, type II channels surround the fivefold axes, and the type III channels are located around the icosahedral threefold axes (Figure 2a ).
The trimeric nature of the capsomers is better defined in the present higher resolution analysis than in previous studies of the BTV core; this has allowed the unique fitting of the high resolution X-ray structure of the trimer, as described in later discussions. It is necessary to define a Research Article BTV core: structure of the VP7 layer Grimes et al. 887 more detailed nomenclature that will allow us to discuss the disposition of the individual polypeptide chains of VP7. Each asymmetric unit in the icosahedral lattice contains five quasi-equivalent trimers, designated P,Q,R,S and T as illustrated in Figure 2a . This nomenclature is designed to be as mnemonic as possible, thus, the peripentonal trimer (the one closest to the icosahedral fivefold axis) is labelled P and the others are labelled alphabetically according to their order proceeding outwards from the fivefold axis towards the trimer adjacent to the icosahedral twofold axis (trimer S) and finally the trimer located on the icosahedral threefold axis (T).
At the present resolution, no significant changes can be observed between the various quasi-equivalent trimers; this is reflected in the excellent fitting of the X-ray structure of VP7 to all trimers. The quality of the reconstruction can be judged from Figure 2b , which shows an icosahedral threefold capsomer excised from the 3-D map. At the distal end, the trimer has a triangular platform (yellow regions in Figure 2 ), which is formed by the closely interacting globular β-sandwich domains of the individual subunits. At a lower radius, ∼300 Å, the mass density of the trimer clearly splits into three cylinder-shaped structures (coloured red in Figure 2 ), positioned at an angle to the threefold axis of the trimer. These structures correspond to the larger α-helical domain. Each cylinder-shaped structure curves laterally to interact with a subunit of the neighbouring trimer. The trimers are held together by a network of such interactions, as shown in Figure 2a . Each subunit extends further inward to interact with the inner capsid layer (blue in Figure 2 ) at a radius of 260 Å.
The T = 1 layer
The T = 13 icosahedral symmetry is clearly evident to an inner radius of 260 Å. Below this radius, the structure is presumed to have T = 1 icosahedral symmetry. This change in the structural organization signifies a change in the protein composition from VP7 to VP3. A surface representation of the structure at a radius of 260 Å is shown in Figure 2c . The channels seen in the T = 13 layer terminate at this radius. The surface morphology is relatively smooth with few indentations and small holes, which do not register with the broad channels in the T = 13 layer. Examination of the radial density profile indicates there is a distinct peak between ∼230 Å and ∼260 Å (Figure 3 ). The two peaks seen at ∼290 Å and ∼335 Å correspond to the two domains of the VP7 trimer. The volume occupied by the mass between the radii of 230 Å and 260 Å, assuming the contour level accounts correctly for 780 molecules of VP7 in the T = 13 layer, is consistent with 120 molecules of the 103 kD VP3. This is in agreement with the number proposed from biochemical studies [5] . It is not possible, however, to identify the positions of these two molecules of VP3, within the rather thin skin of density, which is inline with the much smaller mass of the VP3 layer (approximately 40% of the thicker and invaginated VP7 layer) requiring a more homogenous structure to ensure an adequate protection of the genome.
Fitting of the X-ray structure
Initially, we used the molecular graphics program FRODO [13] to fit the coordinates of a VP7 trimer into the electron- Radial density plot computed from the reconstruction of the BTV core. The radial extensions of the VP3 and VP7 layers are indicated. density distribution of the reconstruction by simple visual inspection. At this stage, a structure was known for the intact VP7 trimer of BTV (both the reconstruction and the crystal structure of the type 10 virus) -that described by Grimes et al. [14] and denoted REF (for reference structure) in the accompanying paper (Basak et al. in this issue of Structure). By visual observation of the cryoEM map, we positioned a copy of this trimer in each of the five independent positions within the icosahedral asymmetric unit. All fits appeared reasonable and, in order to optimize them objectively, we refined the orientations by real-space refinement. The method, which used a simple steepestascent algorithm to maximize the correlation coefficient between the observed cryoEM density and electron density calculated from the atomic model, was implemented in the program GAP (JMG & DIS, unpublished data) and is described in the Materials and methods section. The procedure worked well -the shifts were sensible when checked visually and deliberate misalignment followed by re-refinement showed that the maxima detected by the refinement method were, at least locally, unique. The refined fits for all of the trimers were excellent, as judged both visually and in terms of the real space correlation coefficients (which varied from 89% to 90%). Figure 4 shows the overall fit (after optimization) of trimers PDT, and Figure 5a shows the optimized fit of trimer T to the cryoEM density. The initial visual fitting convinced us that the relative up/down orientation of the VP7 molecule, with respect to the centre of the particle, was correct and that the orientation of the trimers around the local threefold axes was uniquely defined. We confirmed this by performing density correlation tests, as described in the Materials and methods section. There remained a further, potentially serious, ambiguity, namely in the tertiary and quaternary states of the molecules. A second, radically different, conformation for the VP7 trimer has been
Research Article BTV core: structure of the VP7 layer Grimes et al. 889 Thus, at the level of detail of this analysis, VP7 does not undergo any significant conformational changes upon adopting these quasi-equivalent locations on the T = 13 lattice.
Fitting the X-ray structure of individual trimers to the EM reconstruction has given us a crude atomic model for the VP7 layer of the core. What accuracy can we expect such a model to possess? Combining a large amount of precise information together during the rigid body refinement should confer an accuracy on the model that is far higher than the resolution of the reconstruction. By analogy with the resolution:accuracy ratio obtained for high resolution X-ray analyses (where chemical restraints are analogues of the rigid body constraints), we expect the model to have a mean error of perhaps 4 Å. This is not sufficient to allow the chemical details of molecular interactions to be mapped at the atomic level, nevertheless, we should be able to delineate, at the level of amino acids rather than individual atoms, the regions in the VP7 polypeptide that are involved in the inter-trimeric interactions. In addition, we should be able to comment on some aspects of the interaction between the VP7 and VP3 molecules. In the absence of a reconstruction of the intact virus at a resolution comparable to that of the core, we will not speculate about the interactions between the VP7 and outer layers beyond the discussion in Grimes et al. [14] .
A T = 13 lattice of some perfection
The distances between the centres of gravity of the five unique trimers and the centre of the particle vary between 289 Å and 299 Å, with the trimers on the icosahedral threefold axes (T trimers) being closest to the particle centre and the P trimers being the furthest from the centre, which is as expected for a structure possessing some icosahedral character. We have noted that there is little evidence of any conformational flexibility within the VP7 trimers in situ on the core. This is reflected in the regularity of the disposition of the trimers on the surface of the core. These adjacent trimers are related by rotation axes that are almost perpendicular to the VP3 layer and deviate by no more than 10°from exact twofold symmetry. These pseudo-twofold interactions define the contacts between trimers. This is analysed in Figure 6 and it is notable that the interactions tend to be rather 890 Structure 1997, Vol 5 No 7
Figure 6
Fold of the trimer of VP7 colour-coded to highlight the areas of VP7 involved in trimer-trimer interactions. There are 13 different sets of interactions between the trimers on the core surface, P-Q, Q-P, Q-R, R-Q, R-S, S-R, R-T, T-R plus P-P′, P′-P, S-Q′, Q′-S and S-S′, where the primes refer to icosahedral symmetry-related trimers. Each trimer was examined in turn and those residues in any one subunit of the trimer within 8 Å of a residue in a contacting dimer were marked as being in the contact region. The sum was taken, over all the trimers, of the number of occasions each residue was contacted. This was then mapped onto the fold of the trimer, coloured from blue (0-1 contacts) through to yellow (greater than 11 contacts). (Figure produced using the programs BOBSCRIPT and RASTER3D [28, 29] .)
hydrophobic and are disposed in relatively compact patches on the trimer surfaces. The main area of interaction between trimers of VP7 is located on one side of the monomer and is primarily made up of the extended loop 76-79 (GINVGP), helix 4 (secondary structure definition given in Grimes et al. [14] ) which comprises residues 88-97 (MATIGVLATP) and the end of helix 2 (residues 42-44, GLT). A short loop 20-22 (EAR) at the end of helix 1 and loop 334-339 (PMPGP), preceding the C-terminal helix, from a threefold related subunit within the trimer also make a smaller but significant contribution. This commonality of interaction across the protomeric unit of BTV suggests how the seeming complexity of a T = 13 lattice can be achieved. Trimers of VP7 have a natural propensity to form hexagonal lattices, thus, Burroughs et al. [15] observed microcrystals of VP7 in the cytoplasm of cells infected with African horsesickness virus (whose VP7 is structurally very similar to that of BTV, [16] ). We propose that this hexagonal lattice, made up of trimers of VP7 forming pseudo-twofold dimers, is the starting point for defining the T = 13 lattice, because in the electron micrographs, the dimensions of the hexagonal rings in the microcrystals and on the core surface appear to be indistinguishable (P Mertens, personal communication). By inserting fivefold axes at appropriate points in the hexagonal lattice, the T = 13 lattice is generated, but the driving force or mechanism for this change of symmetry from pseudo-sixfold to fivefold is unclear. It nevertheless seems highly implausible that switching of symmetry occurs due to self-driven conformational switching in VP7. This implies that VP3, which is known to selfassemble to form single-shelled particles [17] , defines the size of the virus and thus supplies the information necessary to force closure of the flat hexagonal lattice of VP7 onto the icosahedral lattice of the particle. The atomic B factors of the REF crystal structure suggest that the Cterminal regions of VP7 are relatively flexible, however, at the resolution of the present study, we cannot judge whether these regions act as mobile arms capable of modulating the interactions between adjacent trimers and we see no evidence for this occurring.
As the nature of the underlying layer of VP3 is still unclear, we cannot speculate on how 780 copies of VP7 interact with 120 copies of VP3. We can, however, say something about the nature of the surface of VP7 that interacts with VP3. We have already noted [14] that the surface is predominantly hydrophobic in character and extremely flat, thus, presumably facilitating the symmetry mismatch in packing that needs to occur on viral assembly, possibly, by allowing some degree of flexing in terms of the specificity of interactions between the molecular surfaces. We are now able to say that any such flexing must be subtle, because it cannot be detected at this resolution and it is likely to be largely achieved by sidechain rearrangements.
Biological implications
Bluetongue virus (BTV) belongs to the Reoviridae family of double-stranded RNA viruses. Among this family of viruses are several human and animal pathogens including rotavirus, a major pathogen of infantile gastroenteritis. A structural feature, common to members of this family of viruses, is a multilayered capsid formed by several concentric layers of different protein compositions. The intricate nature of the molecular interactions that leads to such a complex assembly is far from understood. The outer shell proteins are removed as the virus enters the host cell, leaving the viral core. The major protein constituenents of the core are VP7 and VP3: VP7 forms an outer layer and VP3 a thinner inner layer. In the present study, we have used a combination of X-ray crystallography and electron cryomicroscopy (cryoEM) to provide a better understanding of the molecular interactions in a T = 13 layer, which is formed by 260 trimers of VP7 in the BTV core, and the interactions of this layer with the underlying T = 1 layer formed by VP3 molecules.
Pooling information from cryoEM and X-ray crystallography is extremely powerful, as it allows the accurate positioning (to within 4 Å) of macromolecules in a relatively large complex and the precise mapping of chemical information onto otherwise chemically obscure electrondensity reconstructions. In this way, we have obtained an initial model for the outer layer of the BTV core, enabling us to suggest possible sites of interaction between the trimers of VP7 that make up this rather complex structure.
The model throws light on the relevance of the theory of quasi-equivalence for the assembly of very complex systems [3] . This theory rests on the hypothesis that chemically identical molecules fit together in almost equivalent ways to make a viral capsid of structural integrity simply by minor structural changes, at the level of sidechain conformation, in the intermolecular interfaces. There are two major problems with the theory. Firstly, it does not provide an explanation of how the size of the virus is defined. This problem may be solved by conformational switching, which allows the system to be self-measuring. The most complex example of this, to date, is the pseudo T = 7 assembly seen in SV40 [9] . An alternative mechanism, not yet observed in atomic detail, is the use of a scaffold of other proteins to size the assembly [18] . The second problem is one of distortion. This arises because a substantial surface of subunit-subunit interaction is needed to achieve a robust capsid, implying that these interactions span a significant radial depth. The relative tilting of subunits in going from five to sixfold axes will then strain the interaction beyond what can be accommodated by sidechain rearrangements. These problems have led to the expectation that the theory of quasiequivalence is inapplicable at the atomic level. The great complexity of the BTV core means that very intricate conformational switching would be needed to control the VP7 assembly. Instead, we believe that VP3, which can self-assemble to form a subcore, fulfills the measuring role by acting as a permanent scaffold. VP3, which is only present in 120 copies, cannot obey the rules of quasiequivalence as T=2 triangulation is not allowed; further analysis is required to resolve VP3's part in the puzzle.
The distortion problem appears to be overcome, or ameliorated, by partitioning the VP7 interactions into two distinct sets. A two-dimensional interaction with flat regions on the VP3 substrate locks VP7 onto the subcore, whereas discrete regions of VP7 interact to lock the trimers together in a pairwise fashion, thus, providing the relative articulation needed to accommodate the T = 13 lattice distortions which lead to the observed variation in radial disposition of the trimers. A higher resolution structure is required to establish the extent to which residual conformational switching of the VP7 trimers occurs in the different quasi-equivalent environments.
Materials and methods

Virus and cells
United States prototype BTV type 10 (CA-10) was plaque cloned, using monolayers of BHK-21 cells. The mature virus and the core particles were obtained essentially as described previously by Prasad et al. [4] .
Electron cryomicroscopy
Specimen preparation for electron cryomicroscopy was carried out using the technique described by Dubochet et al. [19] . A small amount of sample (∼4 µl) was applied to one side of a holey carbon grid. Excess liquid was blotted away from the grid with filter paper and the grid was immediately plunged into a bath of liquid ethane, which was maintained at -179°C by surrounding liquid nitrogen. The frozenhydrated specimen grid was transferred under liquid nitrogen to a GATAN cryostation and placed into a GATAN cryoholder for imaging. The specimen was imaged in a 400 kV electron microscope (JEOL 4000) at a magnification of 30 000X using spot scan procedures [20, 21, 22] with low electron dose (∼5 e -/Å 2 on the specimen). Images were recorded in focal pairs, at applied values of ∼2.5 and ∼3.0 mm underfocus. Micrograph pairs were chosen for image analysis on the basis of the defocus, the number and distribution of virus particles and the ice thickness. Selected electron micrograph pairs were digitized using a Perkin Elmer microdensitometer with a step size that corresponded to 5.33 Å/pixel in the object, and transferred to a Silicon Graphics workstation for subsequent image processing.
3-D reconstruction procedures
Particles from both images of the digitized focal pair were boxed into individual particle images with a pixel area of 256 × 256. Each particle image then was floated and masked with a suitable radius. The closerto-focus particles were used to compute the 3-D reconstruction, whereas the further-from-focus particles confirmed the orientations of the corresponding closer-to-focus particles. Orientation determination of the particles using self-common lines [12] and subsequent orientation refinement using cross-common lines [23] were carried out as described previously [24] . The final reconstruction was computed using the cylindrical expansion method [12] to a resolution of 23 Å, which contained information within the first zero of the contrast transfer function.
No correction was made for the effects of contrast transfer function. The actual defocus value of the closer-to-focus micrograph was estimated to be 2.6 µm from the sum of the Fourier transforms of the individual particles [21] . To determine the effective resolution, Fourier cross correlation coefficients and phase residuals were computed, using equations 3 and 6, respectively, in van Heel [25] , between reconstructions obtained by randomly dividing the data into two sets. Explorer Graphics software (NAG Inc.) with additional customized modules (Lawton JA and BVVP, unpublished data) was used to visualize and manipulate the 3-D map.
Real-space fitting
Initial fitting of X-ray structures to the cryoEM reconstruction was performed by manual manipulation using FRODO [13] and an Evans and Sutherland ESV graphics workstation. The initial fits were obtained using the REF crystal structure of the VP7 trimer [14] (see also accompanying paper Basak et al. in this issue of Structure for definition of nomenclature for different VP7 structures). Further fitting was achieved by matching the calculated electron density distribution at a resolution of 24Å for the trimer of VP7 to the electron density from the reconstruction for the five unique trimers on the core surface that define the icosahedral protomeric unit (4 1 / 3 trimers define the T = 13, protomeric unit of the particle, but it is convenient to analyse five trimers, including the trimer on the icosahedral threefold axis). The algorithm used (implemented in program GAP; JMG and DIS, unpublished data) was a steepest ascent refinement procedure which optimizes the linear correlation coefficient between the two electron densities. To avoid a distortion of the calculated electron density for the model of VP7 in vacuo at 24 Å, due to series termination ripple effects, a solvent correction was applied in XPLOR version 3.1 [26] , followed by application of an appropriate B factor to the structure factors prior to map calculation. A series of tests were carried out in XPLOR to see what combination of solvent correction and B factor produced the optimum agreement with the cryoEM density. Several maps were calculated with the solvent mask set to values between 0 and 0.33e -/Å 3 , with overall B factors varied from 100 to 3000 Å 2 for each map. By this procedure, it was found that setting the solvent level to 0 e -/Å 3 and applying an overall B factor of 500 Å 2 gave the best starting correlation coefficient. Although we note that these quantities should not be interpreted in any physical sense, they will reflect various effects, such as radiation damage, inexact orientations for the particles and incomplete contrast transfer function correction. This map was used subsequently in all calculations. Approximate matrices to superimpose the cryoEM densities of the five unique trimers of VP7 onto the calculated density distribution were derived from the relationships of the Cα atoms of the trimer used to calculate the electron density at 24 Å and coordinates of the trimers roughly positioned into the cryoEM reconstruction. At this resolution a 3-D reconstruction of a protein has little internal structure and is best described as a shape function (DIS and JMG, unpublished data). To ensure that maximal definition of this shape was included in the optimization of the correlation coefficient, a mask was used to filter the pixels, derived from the coordinates of VP7, with every pixel within 10 Å of an atom being included. Thus, a layer of solvent was included in the refinement, the shape function being defined by the protein/solvent boundary.
The fitting procedure resulted in very good final correlation coefficients of between 89% and 90% for the five trimers (increases from start values of between 87% to 88%). Four tests were performed to check the uniqueness of these results. The first test involved calculating the correlation coefficients between the cryoEM density for one of the trimers (the trimer on the icosahedral threefold axis, but it could have been any of the others) and the calculated density, rotated in increments of 10°around the molecular threefold axis away from the optimized fit. The results of this test are presented in Figure 7 and show a clear single optimum corresponding to the position found by the above refinement procedure. The second test was to calculate the correlation coefficient between the cryoEM density and the calculated density but for the test trimer rotated by 180°about an axis tangential to the surface of the core, from its optimized fit (i.e. so the α-helical domains in the model now resided in the density corresponding to the β-sheet domain). This resulted in a reduction in the correlation coefficient to 78%, which on refinement increased to 85%. These tests indicate that one can easily distinguish the optimized orientation of the model from alternative fits and suggests that the fitting procedure is likely to have found a global optimum. The third test was designed to investigate whether we could distinguish between the REF and HEX trimer structures. These structures are radically different in the relative disposition of the two domains of the VP7 subunits. The HEX structure was orientated so the invariant trimeric jelly-roll domains superimposed with the domains of the optimally fitted REF structure. This fit gave a correlation coefficient of 67.4%, again confirming that our procedure is capable of some discrimination between the two crystal forms. The approximately equal correlation coefficients for the five trimers means that we can be confident that each of them is in the REF conformation and in the orientation and position produced by the refinement procedure. To make sure that no intermediate structure between REF and HEX is found in situ on the core surface, the fourth test involved refining the top domain alone against the cryo-EM density. This fitting gave an identical position to that obtained with the whole of VP7 (structure REF), indicating that there was no evidence for an intermediate conformation.
Accession numbers
The atomic coordinates for the model of the core will be deposited at the Brookhaven Protein Data Bank and are available from the authors.
Figure 7
Graph showing the variation of linear correlation coefficient between the cryoEM data and X-ray data of VP7, as one applies successive 10°r otations around the molecular threefold axis of the oligomer. 
